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Abstract 


The  marine  bacterium  Oceanospirillum  produces  copious  amounts  of  exopolymer  when  grown  on  copper 
surfaces  and  has  been  shown  to  be  involved-  in  the  corrosion  of  99%  copper.  A  study  was  undertaken  to 
determine  the  nature  of  the  exopolymer  and  its  possible  role  in  corrosion  processes.  Oceanospirillum  was 
crown  in  small  laminar  flow  cells  with  copper  and  316  stainless  steel  as  substrata.  Exopolymer  was  hams  ed, 
purified  quantified  and  chemically  characterized.  Copper  promoted  greater  polymer  production  than  stainless 
steel.  Exopolymers  from  both  substrata  contained  glucose  with  no  other  sugar  monomers  or  uronic  acids. 


Oceanospirillum  produced  local  anodic  regions  on  copper  surfaces  as  detected  with  scanning  vibrating 
electrode  microscopy  (SVEM).  Anodic  regions  corresponded  to  areas  with  high  numbers  of  bacteria. 


Keywords:  copper,  Occunospirillum^  SVEM,  exopolymer 


Introduction 

Copper  and  copper  alloys  have  long  been  successfully  used  in  marine  applications  because  of  good  mechanical 
strength  and  workability,  corrosion  resistance,  electrical  and  thermal  conductivity  and  resistance  to  macro- 
fouling.  Applications  include  distribution  and  piping  systems,  heat  exchangers,  intake  screens  and  shwthing 
for  splash  zones,  as  well  as  offshore  structures.^-^  The  corrosion  product  cuprous  oxide,  cuprite  (Cu^O), 
forms  on  all  copper  surfaces  in  oxygenated  seawater.'^  Copper  ions  and  electrons  pass  through  this  film, 
dissolve  in  the  water  and  precipitate  as  Cu2(OH)3Cl  independent  of  alloy  composition.  The  film  retards 
anodic  dissolution  and  the  rate  of  oxygen  reduction.  Corrosion  failures  in  copper  alloys  are  associated  with 
the  breakdown  of  Cu2(OH)3Cl  by  mechanical®,  chemical’,  or  biological  means. 
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Biofilms  develop  on  all  surfaces  exposed  to  natural  marine  environments  Cuorous  oxide  is  rnmmnni«  ^ 
has  been  iavasiab.y  iso.a.ad  U.  S.  Nav,  pla.foL 

m  common  >ha,  ,hey  w.„  all  coaled  with  copper-conlainins  aniitouling  coalC  o'ejnlt“tm 

SoridVf  Th'nT’  helical  bacterium  with  rigid  c!ll  walls^and  requires  sodium 

no  ™ Iv  co,o„°?d  •>y  “f%.  i.  was  demonslialed  lha,  oLZp°ruZ 

not  only  colonized  copper-containing  surfaces,  but  also  detoxified  copper  ions  from  the  subsfrata  so 

et  bacteria  settled  on  surfaces  previously  colonized  with  OceanospirillumP  Wagner 

that  the  Z°"  d  P™<l“ces  copious  amounts  of  exopolymer  when  grLn  on  copper  and 

that  the  organism  and  associated  polymers  bind  copper  ions  from  solution  or  substrata  They  used  electro 


exonn  ’  Chamberlain  et  al.i5-l6  n  3, relationship  between  microbial 

exopolymers  and  copper  corrosion  in  fresh  water  systems.  Each  group  emphasized  the  role  of  exopolymers 

wer^deV  ^T^df  formation  of  copper  concentration  cells.  The  experiments  described  in  this  paper 

de  ermine  the  nature  of  the  Oceanospirillum  exopolymer  and  its  possible  role  in  cLper 
corrosion  processes  in  marine  waters.  i-  uic  luic  in  copper 


Materials  and  Methods 


Bacterium  and  Medium 

Laboratory,  Stennis  Space  Center,  MS,  and  maintained 
by  weekly  transfers  on  marine  agar  and  incubation  at  25“C.  Liquid  medium  was  used  for  all  experiments 
and  contained  the  following  (g/1);  sea  salts  40,  glutamic  acid  1.81,  ammonium  chloride  0  0064^  sodium 

Sght"  '^*‘h  10  ml  of  medium  were  inoculated  and  cells  grown 


Exopolymer  Characterization 

Exopolyme,  tor  characterizaliob  was  ganeraled  by  growing  OcanospiriUum  on  09%  copper  or  316  stainless 

Low  forTbS  h're  beZrb?"  r""  “Tf'”*  o'  al.'S  Biofilms  were  allowed  to 

frealed  wi  h  0  8  of  s  M H  T,  ■a’’  resuspended  in  sterile  seawater  and 

«ea  ed  with  0.8  ml  of  5  M  sod.um  chloride  and  0.5  M  EDTA  to  aid  removal  of  exopolymer  from  bacteria 

f  0°  au‘ c' to  cTe'"  f  was  treated  with  3  volumes  of  propan-' 

l-ol  at  4  C  to  precipitate  exopolymer  which  was  then  dialyzed  against  running  tap  water  overnight  fLioLd 

ctrri^ori’!a“^rasr  ■LrpS:;yTr,:‘^^^  r'  -- 1 

4M  trintiroacetic  acid  at  100-C  for  2  hours.  Upids  were  removed  by  pis^ThriTc  rcX"r! 

SoTarp^ ‘ror  ESgf^r :  BiSr,:;"  dirs  :r  r  • 

system.  X-ray  absorption  near  edge  structure  (XANESl  was  n!fd  to  d  t  m 

within  exopolymers.ra  fAANES)  was  used  to  determine  the  speciation  of  copper 


Dionex  Corp.,  Sunnyvale,  CA  94088 
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Scanning  Vibrating  Electrode  Microscopy  (SVEM)  Studies 

Coupons  colonized  by  Oceanospir ilium  and  sterile  medium  controls  were  examined  with  the  SVEM  sys¬ 
tem. The  SVEM  system  consisted  of  a  20  pm  stainless  steel  microprobe  electroplated  with  platinum  black 
that  is  vibrated  in  two  orthogonal  directions  while  scanned  under  computer  control  over  a  coupon  surface. 
The  probe  is  capable  of  capacitively  measuring  local  current  density  at  each  point  of  the  scan,  allowing  the 
computer  to  generate  maps  of  the  local  current  densities  over  a  surface.  The  vibrating  probe  system  is 
mounted  under  a  microscope  fitted  with  reflected  light  Nomarski  and  epifluorescence  systems  (40x  water 
objective,  2  mm  working  distance)  and  an  imaging  system.  Current  density  scans  can  be  concurrently 
mapped  with  images  of  the  surface. 


Results  and  Discussion 


Biofilm  Generation  and  Characterization 

Biofilms  formed  readily  on  both  copper  and  stainless  steel  coupons.  The  color  of  extracted  biofilm  was 
variable,  particularly  in  the  case  of  the  copper.  When  the  medium  was  recycled  through  the  system  contain¬ 
ing  copper  coupons,  it  turned  blue,  presumably  due  to  copper  ions  picked  up  by  the  glutamic  acid.  Extracted 
biofilms  were  also  blue,  especially  in  areas  where  air  had  become  trapped  in  air  pockets  over  parts  of  the 
coupon  surface. 

Following  extraction  and  purification,  exopolymer  from  each  system  was  weighed.  Exopolymer  recovered 
from  copper  and  stainless  steel  coupons  weighed  9.6  mg  and  4.3  mg,  respectively.  The  recoveries  corre¬ 
sponded  to  0.74  mg  cm~^  and  0.33  mg  cm“^  copper  and  stainless  steel,  respectively,  indicating  that  roughly 
twice  as  much  polymer  was  generated  under  similar  conditions  on  copper  compared  to  stainless  steel. 

Polymer  from  both  surfaces  consisted  of  glucose  units  with  no  other  monomers.  No  uronic  acid  residues 
were  detected  in  any  of  the  exopolymers.  XANES  spectra  of  exopolymers  indicated  the  presence  of  bound 
Cu"^^.  Additional  work  is  underway  to  interpret  binding  site  symmetry  and  the  nature  of  the  chemical 
surroundings. 

*  SVEM  Observations 

Sterile  Control.  SVEM  studies  of  sterile  copper  controls  showed  no  localized  anodic  activity  after 
200  hrs  when  medium  levels  were  maintained.  Under  normal  operating  conditions  no  coloration  of  the 
medium  in  SVEM  experiments  was  noted  unless  fluid  levels  were  reduced,  forming  a  thin  film  of  liquid  over 
the  copper  coupons,  in.  which  case  a  heavy  blue  coloration  was  noted.  Occasionally  a  thin  gel  formed.  Scans 
conducted  immediately  after  the  liquid  level  was  restored  showed  strong  anodic  activity  which  persisted  for 
up  to  18  hours. 

Oceanospirillum  Culture.  When  copper  coupons  were  inoculated  with  Oceanospirillum  several  localized 
anodic  regions  were  observed  after  about  48  hrs  Anodic  regions  persisted  until  termination  of  the  experiment 
at  180  hrs.  Anodic  currents  were  always  present  but  intensities  varied.  One  anodic  region  was  stronger 
and  more  persistent  than  others  (Figure  2).  That  anodic  region  correlated  with  a  dark  area  detected 
microscopically  (Figures  3  and  4). 

At  the  conclusion  of  the  experiment,  coupons  were  stained  with  a  fluorescent  stain  (Live/Dead  Backlight 
Viability  Kit^^^)  that  distinguishes  live  bacterial  cells.  All  bacteria  on  the  surface  were  alive.  Scanning  the 
sample  using  the  40x  water  immersion  lens  demonstrated  that  bacterial  colonization  was  not  uniform. 


(2)  Molecular  Probes,  Eugene,  OR 
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Instead,  micro-  and  macro-colonies  had  formed.  Areas  with  higher  densities  of  bacteria  correlated  to  anodic 
regions.  The  dark  area  in  Figure  3  contained  high  numbers  of  bacteria  and  sustained  local  anodic  activity. 


Conclusions 

The  marine  bacterium  Oceanospirillum  (1)  produces  copious  amounts  of  exopolymer  when  grown  on  copper 
surfaces  (2)  binds  Cu  from  the  substratum  and  (3)  produces  local  anodic  regions  on  copper  surfaces 
detected  with  SVEM.  The  exopolymer  contained  glucose  with  no  other  sugar  monomers  or  uronic  acids. 
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Figure  1.  Oceanospir ilium  grown  on  copper  surface. 


^A/cm'2 


Figure  2.  Current  density  scan  over  a  copper  coupon  exposed  to  Oceanospir  ilium  for  160 
hours  showing  several  anodic  regions  with  a  large  area  visible  to  the  back  left  corner. 
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Figure  3.  Low  power  image  of  copper  coupon  after  160-hour  exposure 
to  Oceanospirillum^  showing  an  area  of  darkening  (A)  corresponding  to 
the  area  of  anodic  current  seen  in  Figure  2.  The  boxed  are  towards  the 
bottom  of  the  darkened  area  (B)  is  shown  at  higher  power  in  Figure  4 
(bar  =  1  mm). 


Figure  4.  Fluorescent  image  showing  bacteria  (small  white  dots)  in  highlighted  area  in  Figure  3, 
showing  high  number  of  bacteria  above  line  (dark  area  in  Figure  3)  and  low  number  of  bacteria 
below  line  (bar  =  20  jam). 


